Continuous measurements of particle size distributions of 3-407 nm were collected from
INTRODUCTION
The presence of nanoparticles (Ͻ ϳ10 nm) in ambient air may adversely affect public health and climate 1,2 because of their ability to form and grow quickly into ultrafine (ϳ10 to 100 nm) and accumulation (ϳ100 to 1000 nm) modes, then persist for several days. Nanoparticle formation has been observed in a wide variety of environments, including arctic, marine, nonurban continental, and urban areas. [3] [4] [5] [6] [7] [8] [9] [10] Sulfuric acid (H 2 SO 4 ) and water (H 2 O) vapors are believed to be the major participants in atmospheric nucleation processes, 3, 11 but the observed production rates are often orders of magnitude higher than can be expected from this binary mechanism. 3, 12, 13 Ternary (H 2 SO 4 )-(NH 3 [ammonia])-(H 2 O) nucleation, organic vapor nucleation, and ion-induced nucleation mechanisms may explain these observed production rates. 3 Binary (H 2 SO 4 )-(H 2 O) nucleation rates might also be enhanced by two or more orders of magnitude when air parcels with large temperature (T) and relative humidity (RH) differences rapidly mix. 14 After freshly nucleated particles are produced, condensation of H 2 SO 4 , NH 3 , and H 2 O may contribute to particle growth. Both condensation of organic vapors and heterogeneous reactions may also enhance particle growth rates. 4, [11] [12] [13] 15, 16 Continuous size distribution measurements in urban areas (e.g., Atlanta, GA, and Pittsburgh, PA) in the Eastern United States show that nanoparticle events correlate with sulfur dioxide (SO 2 ) concentrations. 7, 10 Woo et al. 10 observed three types of nanoparticle and ultrafine particle events, with characteristic sizes of 3-10, 10 -35, and 35-45 nm at the Atlanta Supersite, where a high frequency of events occurred in spring and summer. Abundant nitrogen oxides (NO x ) were found before all the events, during which SO 2 concentrations were elevated. At the Pittsburgh Supersite, Stanier et al. 7 observed events during all seasons, with the highest frequencies in spring and fall. Satellite site measurements showed that these occurred over a wide area. H 2 SO 4 production was associated with UV intensity, consistent with nucleation being initiated by photochemical H 2 SO 4 production. In contrast, Watson et al. 17 observed nanoparticle events at the Fresno Supersite during spring and summer that were associated with negligible SO 2 concentrations (i.e., SO 2 concentrations were below the 1 ppbv detection limits of the SO 2 monitor). Fresno's location in Central California is distant from large sulfur emitters, although some SO 2 originates from residual amounts in gasoline and diesel fuel.
This paper further explores nanoparticle and ultrafine particle events at the Fresno Supersite. Seasonal and diurnal variations of particle number concentrations as a function of size from 3 to 407 nm are examined for the period of August 2002 through July 2004. A method is illustrated that uses other Supersite measurements to evaluate the origins of these events.
EXPERIMENTAL METHODS
The Fresno Supersite (3425 First Street, Fresno, CA) is located ϳ5.5 km northeast of the downtown Fresno commercial district in California's San Joaquin Valley (SJV).
The Supersite is in an urban/commercial/residential area with moderate traffic levels and is surrounded by commercial buildings, churches, schools, and residences. 18 Sampling inlets are located on the rooftop of a two-story building on the west side of First Street. In addition to gasoline-and diesel-vehicle exhaust, the site is influenced by home heating, cooking, and regional agricultural activities. Oilfields in the southern SJV, ϳ180 km southeast of Fresno, no longer burn crude oil for steam generation, which was once the major source of sulfur emissions. 19 Table 1 summarizes the measurements, methods, and sampling periods for the data used here. In addition to the nanoparticle and ultrafine particle size and number Figure 1 shows monthly averages of geometric mean diameter (GMD, from particle number concentration of 3-407 nm), nanoparticle number concentrations [N(3-10 nm)], and the ratios of particle numbers in different size ranges. N(3-10 nm) was higher during summer than winter and peaked in June. A similar pattern was found for the ratios of N(3-10 nm) to N(3-407 nm) and N(3-84 nm) to N(3-407 nm). The GMD varied from 30 to 48 nm during summer, and from 44 to 52 nm during winter.
RESULTS

Seasonal and Diurnal Variations of Particle Number and Size Distribution
Lower GMDs during summer are consistent with abundant production of recently formed nanoparticles. This contrasts with colder conditions within a persistent shallow surface layer during winter 20 that would favor condensation of vapors onto high concentrations of larger particles. Residential wood combustion (RWC) and other indoor heating emissions are important wintertime sources at Fresno; they are less prevalent during other seasons. 19, [23] [24] [25] The maximum 5-min concentrations of N(3-10 nm) and N(3-407 nm) were ϳ3. ϳ7:00 p.m., followed by N(30 -50 nm) at 8:00 p.m., as well as N(50 -84 nm) and N(84 -407 nm) at 9:00 p.m. N(3-10 nm) was a minor fraction of N(3-407) during winter. The morning peaks at 7:00 a.m. coincided with peak concentrations of BC, PAH, NO x , and CO, consistent with traffic emissions (Figure 2b) .
During the evening, the BC and NO x peaks preceded the PAH and CO peaks, consistent with emissions from lower T combustion sources (such as residential heating) adding to the traffic emissions at night. These peaks followed the expected temporal distributions of emissions in which traffic volume should decrease after the evening rush hour and residential heating emissions increase with the colder nighttime T. It appears that the N(84 -407) fraction was largely associated with residential heating.
Increasing NO 3 Ϫ in the afternoon is consistent with mixing of secondary aerosol formed aloft when the shallow surface layer couples with the valleywide mixed layer. 20 This vertical mixing also dilutes the fresh emissions ) and was fairly constant throughout the day.
During the summer, high values of N(3-10 nm) and N(10 -30 nm) occurred, with concentrations peaking at ϳ8:00 a.m. and ϳ10:00 a.m., respectively, 2-4 hr later than peak concentrations of BC, PAH, NO x , and CO at ϳ6:00 a.m. Evening peaks for BC, PAH, NO x , and CO were only ϳ20, ϳ7, ϳ15, and ϳ9% of those found during winter, respectively. SO 4 2Ϫ levels were twice those during winter (ϳ2 g/m 3 ) and reached their maxima during the afternoon. The broad SO 4 2Ϫ peak from 8:00 a.m. to 3:00 p.m. includes N(3-10 nm) and N(10 -30 nm) maxima, consistent with gas-to-particle conversion processes that might accompany nucleation. Figure 3 contrasts winter and summer GMD and N(3-407 nm). The GMD was always higher during the winter. During the summer, the GMD linearly increased from 7:00 a.m. to 1:00 p.m. at a rate of ϳ0.9 nm/hr. The GMD increase after 3:00 p.m. in summer with decreasing N(3-407 nm) is consistent with particle growth and a tailing off of smaller particle production. During winter, the GMD was fairly constant from 7:00 a.m. to 6:00 p.m. and increased with increasing N(3-407 nm), consistent with fresh sources of primary emissions from residential heating.
Comparisons of Particle Number, PM 2.5 Mass, and BC Concentrations As shown in Figure 4 , there is no apparent correlation between particle number and mass concentration except for N(84 -407 nm) versus PM 2.5 . PM 2.5 mass is dominated by the accumulation mode and does not represent the mass of nanoparticles and ultrafine particles at Fresno. N(3-84 nm) is somewhat correlated with BC concentrations during winter, but not during summer, as shown in Figure 5 . Even during winter the relationship is poor. This is consistent with roadway particle size measurements taken with thermal denuders 26 -28 in which most of the particles Ͻ100 nm were removed at temperatures Ͼ250°C. This would include SO 4 2Ϫ and many organic compounds, but probably not refractory BC. In contrast, N(84 -407 nm) was well-correlated with BC for both seasons, consistent with much of this material being in the larger particle sizes. 29 Tables 2-5 summarize the days on which different types of events occurred. Meteorological and gas concentration data that support the classification are included. Examples of the temporal and size evolution of these events are depicted in Figure 6 .
Nanoparticle and Ultrafine Particle Events
Days with no events were the most common and appear like that of Figure 6a where no incidences of N Ͼ 10 4 #/cm 3 were observed. The 3-to 10-nm nucleation events (Table 2 ) illustrated in Figure 6b show the familiar "banana-like" growth characteristics observed in the Atlanta, GA 10 and Pittsburgh, PA 7 Supersites. These events occurred only during late spring and early summer at Fresno. The 3-to 10-nm particles first appear in the early morning ϳ6:00 a.m. and peak at 7:00 a.m., followed by a ϳ4 nm/hr particle growth rate. As summarized in Table 2 , similar characteristics in growth patterns were always observed after the initial nanoparticle burst, although the duration of particle growth differed from day to day. The lowest sizes for these nucleation events are larger than those observed at Atlanta, GA and Pittsburgh, PA, indicating that the nucleation is probably not occurring at ground level. Given the time of the event onset with rising T and dilution of primary pollutants such as BC, it is likely that the nucleation occurred in cleaner air aloft soon after sunrise that was rapidly mixed to the surface. Figure 7a shows relationships between particle, gas, and meteorological variables associated with the Figure 6b nucleation event. For this Sunday event, there are no increases in BC, NO x , and CO levels that indicate a traffic event. N(3-10 nm) increased rapidly, by four orders of magnitude over a period of ϳ30 min beginning at ϳ6:00 a.m. All of the particle concentrations, including PM 2.5 mass, NO 3 Ϫ , and BC, were low. Only the SO 4 2Ϫ concentration increased at the onset of the event, increasing further while the N(3-10 nm) peak decayed 30 min after reaching its maximum of 2.5 ϫ 10 4 #/cm 3 . SO 4 2Ϫ remained high until ϳ3:00 p.m., consistent with H 2 SO 4 vapor contributing to the growth of N(3-10 nm) into larger particles, as postulated at the eastern Supersites. Figure 7b shows that the inception time for the burst of 3-10 nm particles at 6:00 a.m. coincided with the times for increasing O 3 , T, and solar radiation, and for decreasing RH, consistent with vertical mixing and the presence of photochemically produced hydroxyl (OH) radicals that would oxidize available SO 2 to SO 3 . For weekday events (Table 2) , the N(3-10 nm) peak does not coincide with morning BC, PAH, NO x , and CO peaks. Although continuous NH 3 was not measured with these experiments, NH 3 is abundant in the SJV during summer. 30 Using a zero dimensional model, Gaydos et al. 5 found that nucleation rates of 10 #/cm 3 -sec were achieved with NH 3 concentrations as low as 10 ppt and H 2 SO 4 levels as low as 2.4 ppt.
Although SO 4 2Ϫ levels are much lower in Fresno than in the Eastern United States, and there is enough NH 3 to completely neutralize H 2 SO 4 , the values are higher than 10 ppt. The (H 2 SO 4 )-(NH 3 )-(H 2 O) mechanism probably dominates these nucleation events.
The onset of the episode also corresponded to coupling between the morning surface layer and the valleywide mixed layer, as seen by the increase in T and decrease in RH that accompany the rapid increase in N(3-10 nm) in Figure 7b . The surface layer is often cooler and has higher RH than the layer aloft, and the mixing February 1, 2004) . The discontinuity at ϳ80 nm is due to slight differences in the responses of the nano-SMPS and standard SMPS. mechanism proposed by Nilsson and Kulmala 14 merits further exploration in a future experiment that includes more detailed summertime upper-air measurements. Figure 7a shows a small secondary nanoparticle event occurring around 2:00 -4:00 p.m. The evolution of size distributions for this event is examined in Figure 8 . Nanoparticles with a mode diameter of ϳ6 nm appear between 5:00 a.m. and 6:00 a.m., with most of the particles in the ultrafine mode peaking at ϳ60 nm. The onset of the nanoparticle burst occurred at 6:00 a.m. with an 8-nm peak, which quickly grew in number and size through 7:00 -8:00 a.m. Particle numbers and sizes in the ϳ50-to 200-nm region increased slowly during the morning hours. Near noon, nanoparticles almost disappeared with a single ultrafine mode diameter of ϳ50 nm. They appeared again at ϳ2:00 p.m. with a mode of ϳ18 nm, much higher than the morning mode. This afternoon mode lasted until 3:00 p.m., but was depleted by 4:00 p.m. The appearance of nanoparticles in the afternoon is believed to be associated with photochemical reactions and condensation on smaller particles in a deeper well-mixed layer. Figure 6c represents an afternoon 10-to 30-nm photochemical event. These events (Table 3) typically occurred over a longer time period, spring through fall, than the morning nucleation events. They appear more as midday "blobs" than as "banana-shaped" morning nucleation events. Particle sizes are larger than those of nucleation events, but smaller than those from primary emissions. Figure 6d shows a midday 10-to 30-nm photochemical event that occurred after a moderate 10-to 30-nm morning traffic event. In Figure 9 , ancillary measurements show the clear peaks in BC, PAH, NO x , and CO from 5:00 to 7:00 a.m. that would be expected from the Friday morning rush hour. By 11:00 a.m., the primary particles decreased, whereas N(3-10 nm), N(10 -30 nm), and O 3 increased. N(10 -30 nm) tapered off with O 3 and solar radiation, consistent with a common process affecting them both. Watson et al. 17 identified this as a more aged nucleation event. This may correspond with secondary organic aerosol (SOA) formation, possibly on small H 2 SO 4 nuclei, as photochemical processes oxidize lighter volatile organic compounds to heavier semivolatile organic compounds that can condense on pre-existing particles. The lack of correspondence with other measurements at midday rules out primary emitters for these midday surges.
Morning nucleation and afternoon photochemical events often occurred together, as illustrated in Figure 6e . As shown in Tables 2 and 3 , similar relationships between particle number concentration and BC, PAH, NO x , CO, O 3 , and solar radiation, illustrated in Figures 7 and 9 , were found repeatedly. Figure 6f is an example of morning traffic and evening residential heating events. These often occurred together during winter months (Tables 4 and 5 ), but the residential heating events were not observed during nonwinter periods. Morning traffic events were observed throughout the year. Figure 10 shows the relationships between different size fractions and other Fresno measurements corresponding to Figure 6f. High particle number concentrations were observed around 7:00 a.m., lasting only 2 hr before disappearing as the mixed layer developed. In the evening, the particle number concentrations increased from 5:00 p.m. and peaked around 8:00 p.m. with a mean diameter of ϳ63 nm. Correspondence of the BC, NO x , and CO with N(10 -30 nm) in the morning is a clear indicator of the traffic contribution. In the evening, the N(50 -84 nm) peak lagged the N(10 -30 nm) peak. N(50 -84 nm) also corresponds to the BC, PAH, and nanoparticle concentrations were higher in summer than winter, mainly because of higher production by nucleation and photochemical reaction events. Distinct diurnal variations for particle size and number between summer and winter were observed with high-number concentrations during the early morning and evening periods in winter, and around noontime in summer. Low correlations between PM 2.5 mass and particle number concentrations of nanoparticles and ultrafine particles indicate that PM 2.5 mass measurements do not represent concentrations of particles Ͻ100 nm in diameter.
Nanoparticle and ultrafine particle events at Fresno can be divided into four classes: (1) 3-to 10-nm morning nucleation, (2) 10-to 30-nm morning traffic, (3) 10-to 30-nm afternoon photochemical, and (4) 50-to 84-nm evening residential heating, including wood combustion.
Ternary (H 2 SO 4 )-(NH 3 )-(H 2 O) nucleation aloft with rapid mixing to the surface caused by breakup of the shallow surface inversion might account for the nucleation rates and sizes in the 3-to 10-nm morning nucleation event. The 10-to 30-nm afternoon photochemical effect probably could result from semivolatile organic compounds condensing on a H 2 SO 4 core. The other two events are derive from primary emissions from the indicated sources. Analysis of continuous and highly time-resolved measurements with the nanoparticle and ultrafine particle size distributions allows the different formation mechanisms to be distinguished from one another.
